Objective: To determine if measured sound levels in the occupied level 3 single-family room (SFR) neonatal intensive care unit (NICU) will be significantly and perceptibly different from the occupied level 3 open-unit (OU) NICU.
Introduction
Over the past 3 decades, the literature has suggested that excessive sound levels may be acutely and developmentally detrimental to the premature newborn, with recommendations made to measure sound levels within the neonatal intensive care unit (NICU). 1, 2 Expert recommendations have defined and modified targeted goals for these measured sound levels. [3] [4] [5] [6] [7] Published sound measurements in open-unit (OU) design NICU's appear to be excessive and do not comply with recommended levels. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Human behavior strategies have not been shown to be effective, 17 and unit design modifications have been suggested to be necessary to move toward significant improvements in measured NICU sound levels. 11,15 -17 This belief has coincided with a shift in new NICU construction away from the traditional OU design to NICU's with greater attention to acoustically favorable materials, and variable lay-outs, most notably, the single-family room (SFR) design. 18, 19 These design modifications would be expected to favorably impact most factors contributing to overall sound levels within an NICU, which include the overall unit design, the acoustic qualities of the room (heating, air-conditioning and ventilation) and design-influenced modifications in human behavior and operational activity. However, the use of common NICU equipment is a noise variable that may remain significant despite the above improvements. [15] [16] [17] Our goal was to compare sound level measurements within an OU level 3 NICU with the SFR level 3 NICU, accounting for the use of common NICU equipment.
Our hypothesis is that even with the use of common NICU equipment, sound measurements in the SFR level 3 NICU will be significantly and perceptibly lower when compared with the OU level 3 NICU, and will achieve compliance with the 2006 Recommended Standards for NICU Design. 6 Methods Design Case-control study with retrospective control. Institutional Review Board exemption was obtained for this study.
Our historical control sound measurements were from the OU design level 3 bedside NICU from 2005 to 2006. During this time period, 28 discrete 24-h measurements were obtained in the level 3 bedside location. 17 The OU design unit included two large open bay areas with about 6 to 9 beds in each bay, and about 60 ft 2 per patient bedside area, with vinyl flooring and suspended ceiling with NRC 0.55, low-level acoustic ceiling tile. During this study period, level 3 patients required cardiopulmonary and generally pulse oximetry monitoring. Although the exact number of patients were not noted, historical patterns suggest about 60 to 80% of admissions required some form of positive pressure support (PPS).
In June 2008, The Children's Hospital of Southwest Florida opened a six-bed SFR design annex, adjacent to our main OU design NICU. These rooms were each about 120 ft 2 , with sound dampening Forbo Marmoleum flooring (Hazleton, PA, USA), and Armstrong Optima NRC 1.0 (Lancaster, PA, USA) acoustic ceiling tile. All admissions to these rooms were level 3-status infants utilizing bedside Phillips cardiopulmonary and pulse oximetry (Andover, MA, USA) monitoring, Abbott Plum (Chicago, IL, USA) pumps and Baxter AS50 (Deerfield, IL, USA) syringe pumps, with default alarm settings. From May to June 2008, and October 2010, 31 discrete 24-h measurements were obtained from the SFR unit: eight from the unoccupied SFR, six from the occupied SFR level 3 unit without PPS or supplemental oxygen (SFR/RA), 17 measurements, each with a single exclusive mode of PPS utilized during each 24-h measurement period. These included three measurement periods on high-flow nasal cannula (HFNC) using Hudson RCI Comfort Flo system; five measurement periods on bubble continuous positive airway pressure (BCPAP) using Hudson RCI CPAP cannula; five measurement periods on time-cycled pressure limited ventilation using Siemens Maquet Servo-I (Washington, DC, USA) and Drager Evita 2 Dura (Telford, PA, USA) ventilators (VENT); and four measurement periods on highfrequency ventilation (HFV), two using the Sensormedics (Yorba Linda, CA, USA) high-frequency oscillator and two using the Bunnell high-frequency jet ventilator (Salt Lake City, UT, USA), with general use of Marquest SCT 3000 (Englewood, CO, USA) or ConchaTherm Neptune (Research Triangle, Durham, NC, USA) heater humidification systems.
Sound methodology for the historical OU level 3 bedside controls has been reported, and the same methodology was employed for the SFR measurements. 17 In the OU NICU level 3 bedside, the dosimeter was placed near the infant head area, either with the microphone suspended about 8 to 12 inches above the infant's head, or suspended from an adjacent intravenous fluid stand. Care was taken to avoid direct contact of the dosimeter or microphone with sources of excessive vibration, as associated with use of HFV. In some cases, the dosimeter was placed on an adjacent non-contiguous shelf, with a foam base and stiff plastic tubing supporting the microphone receiver extended outward and suspended horizontally, in an unobstructed manner, toward the patient care area, about 2 to 3 ft from the patient's head. In the SFR, the microphone was uniformly suspended from either intravenous fluid stand or adjacent shelf to be placed about 2 to 3 ft from the patient's head.
Using 10 and L eq values were obtained in the unoccupied and occupied SFR for the defined measurement period. L min is the lowest sound pressure level (SPL) of at least 1/50th second duration that occurs during the sound measurement period. It defines the 'noise floor,' a reflection of the intrinsic acoustic qualities of the facility itself in the unoccupied room, and the lowest measured sound levels within the occupied NICU. L max is the highest SPL of at least 1/50th second duration that occurs during the sound measurement period, and reflects the highest transient elevation in measured sound levels. The L n describes the distribution of sound over a sound measurement period, for example, L 90 is the SPL (that is 1-s L eq ) exceeded for 90%, L 50 is the SPL exceeded for 50% and L 10 is the SPL exceeded for 10% of the defined sound measurement period. The 24-h L n measurement period will describe the frequency distribution of 86 400 discrete 1-s L eq s. As suggested by Philbin and Gray 15 , the L 10 reflects the level of loudness, and L 90 reflects the level of quiet. L 50 is a median value for the sample distribution and also reflects more the level of quiet. L eq is the level of a constant sound, which in a given sound measurement period has the same energy as a time-varying sound over the same time period. The 24-h L eq will be a root mean square-derived integration of all the SPL recordings during that same time period. Due to the logarithmic nature of decibel calculations, the L eq value will approximate much more the level of loudness (L 10 ), and not the median (L 50 ).
Statistical analysis
Measurement of central tendency and dispersion is approximated by the L n range and median. In the case of an even total number of measurements, the median is defined as the arithmetic mean of the two central values. The reported decibel values are rounded off to the nearest whole number. The Mann-Whitney U-test is used for tests of variance between two populations, and Kruskal-Wallis test for multiple populations, with significance level set at P<0.05. SPSS version 16 (IBM, Armonk, NY, USA) was used for statistical analysis.
The perception of loudness is a subjective measure that will vary between human observers. In general, with moderate background sound levels, a 3dBA change may be barely perceptible, a 5dBA change would be readily perceived and a 10dBA difference would be perceived as a doubling of loudness by the human ear. This subjective sensitivity increases as the background sound level decreases. Therefore, in reporting significant differences, the comparison groups must demonstrate not only a statistically significant difference in dBA values, but also a difference that would be perceptible by the human ear. For this report, with levels of quiet (L 90 and L 50 ), a 3dBA difference was considered clinically significant; for levels of loudness (L 10 ), a 5dBA difference was necessary to achieve a perceptible difference.
Results
Comparisons of the OU level 3 bedside NICU with the SFR level 3 NICU are summarized in Table 1 . When the SFR level 3 NICU included patients that required any form of PPS, there remained a significantly lower L min , L 90 , L 50 , L 10 and L eq . Although statistically significant, a lower 2dBA difference in the L max would not be perceptible.
Comparing sound measurements in the level 3 NICU with SFR with a specific mode of PPS, the L min was significantly lower for HFNC, BCPAP and VENT. The L 90 and L 50 were significantly lower for HFNC, BCPAP and VENT. The L 10 was significantly lower for HFNC and BCPAP. A lower 4dBA difference in VENT L 10 may not be easily perceptible, but were statistically significant. The L eq was significantly lower for HFNC, BCPAP and VENT.
The L min , L 90 , L 50 , L eq and L max for HFV measurements were not significantly different compared with OU level 3 bedside sound levels. The SFR level 3 HFV L 10 measurements were actually 4dBA higher, a statistically significant difference that may not be perceptible.
Comparisons of the SFR/RA with SFR-PPS (sound measurements by individual modes of support) are summarized in Table 2 . Philbin 15, 17 suggested that human behavior change might be necessary, but not sufficient to achieve a quieter NICU environment, and a primarily human behavior strategy, within an OU NICU, to decrease sound levels, was found to be ineffective. Stevens 16 demonstrated the acoustic benefits of SFR design in the unoccupied NICU. However, their redesigned SFR NICU room, with the addition of running equipment (nasal continuous positive pressure ventilation and high-frequency oscillator) resulted in increased sound levels, with 24-h L eq measurements in a 55 to 57 dBA range. These findings suggested that sound level measurements would be lower in the SFR compared with the OU NICU, but it remained unclear how significant this improvement might be in the occupied NICU, adding in the noise levels of common NICU equipment.
This report is the first published demonstration of the beneficial change in sound level measurements when level 3 NICU care is provided within the SFR, while simultaneously evaluating the measured sound level contribution of common NICU equipment.
Strengths of this study are that there were extensive measurements obtained for both the control and treatment groups, capturing the varying sound levels that may occur during routine day-to-day operations within the NICU. The 24-h measurement period will address any diurnal periodicity and hour-to-hour temporal variability that may occur due to normal operational patterns. 17 This would include varying equipment exposure, varying activity of monitor alarms, clinical acuity and operational patterns of family and staff activity.
One goal was to identify the impact of equipment noise upon overall sound measurements within the SFR. An acoustically controlled measurement of equipment sound levels might require only minutes of actual testing to obtain an adequate sound measurement sample. A 24-h sample size, especially when only one form of respiratory equipment was utilized during the entire sound measurement period, would reflect the impact of the use of the selected equipment in real-world conditions.
The study design was weakened by the potential biases associated with the use of retrospective controls. The same medical group and nursing staff provided care during the study comparison periods. Average daily census had increased during the SFR measurement period compared with the OU time period.
Care should be taken in generalizing any of our specific sound levels results. There are wide variations in acuity, as well as operational patterns and unit-specific cultures among different NICU's, that will likely lead to variations in sound measurements between OU design or SFR design units. There will be increased equipment utilization with higher acuity, and even with similar acuity, there are many different device brands and manufacturers in use, each with their own unique acoustic characteristics and variable alarm volume settings. Recognizing these limitations, our results are representative of sound level distributions within our NICU setting, and allow for inferences that will be relevant to similar clinical practices.
Despite significant improvements in levels of quiet and loudness compared with the OU NICU, our occupied level 3 SFR sound level measurements for the 24-h L eq , L 10 and L max values still exceeded the recommended sound levels established by the 2006 Recommended Standards for Newborn ICU Design, which are an hourly L eq of 45dBA, hourly L 10 of 50 dBA and L max of 65 dBA. 6, 7 Many of our measurements are encouragingly close, with SFR median L 10 values between 50 and 53dBA (excluding HFV). Publication of these standards in the Academy of Architecture Guidelines for Design and Construction of Health Care Facilities does suggest that they are realistic and achievable. 20 Factors contributing to the overall measured sound levels include the unoccupied facility noise (heating, air-conditioning, ventilation and intrinsic acoustic qualities of structure), and sound levels associated with the occupied NICU (equipment and operational patterns and human-related noise). Our SFR annex applied many of the recommended material changes that should allow for an optimally low-facility noise or noise floor. This included sound-dampening flooring and NRC 1.0 acoustic ceiling tile. Although our renovation was within an existing hospital structure, we achieved a ceiling attenuation class rating of 26, still below the optimal ceiling attenuation class 29 recommended by the Guidelines for Design and Construction of Health Care Facilities. 20 A noise criteria (NC) rating is one of several standards that provide acoustical engineers and architects a standardized method for defining acceptable background noise levels. Compliance with a recommended NC-25 rating would result in measured sound levels of various frequencies (60 to 8000 hz) taken together, in an unoccupied room, of about 35dBA. Our unoccupied SFR L min of 35 dBA is suggestive of an acceptable NC-25 rating. Based upon a lowered noise floor, this is an allowance of 10dBA of operational noise above a background or facility noise level of 35dBA. 6, 20 The occupied NICU sound contribution will be from equipment, and human behavior and operational factors. The use of routine cardiopulmonary-monitoring equipment contributed minimally to the background sound in the occupied SFR. The occupied level 3 SFR/RA L min of 33dBA remained approximately compliant with the NC-25 rating. However, the addition of any PPS equipment (HFNC, BCPAP, VENT and HFV) incrementally increased the noise floor.
The addition of HFV will result in significant elevations of all sound parameters compared with the SFR/RA.
Excepting the use of HFV, the use of PPS did not significantly alter the measured L 10 or L eq within the SFR when compared with the occupied level 3 SFR/RA. However, PPS still had a negative impact on the overall levels of noise. The typical cumulative relative frequency distribution sound measurement curves for 24-h measurements, appear as slightly left skewed normal distributions. Whereas, the use of HFV shifted the distribution curve uniformly to the right, the use of the other PPS modalities resulted in a rightward shift of the left side of distribution curve, with an increased L 90 and L 50 , but unchanged L 10 . The SFR patient on HFNC, BCPAP and VENT remained within a 42 to 49dBA range, 50% of the time. It is possible that improvements in acoustic qualities of NICU equipment and the use of non-audio alarm options may continue to improve the levels of quiet, moving toward a greater percentage of time where SPL's will be within the range of the recommended standards. These findings should provide motivation for equipment manufacturers to continue to improve the acoustic qualities of their devices, especially high-frequency ventilators.
The rationale for recommending a less noisy environment, as well as the derivation of the specific recommended sound levels has been published and annotated, with the goal to enhance sleep for our NICU patients, to enhance speech intelligibility for the caregiver, and to improve, after 30 to 31 weeks gestation, the infant's ability to hear the mother's voice. 6, 7, 21, 22 To achieve these goals, assessment of the 'quality' of the sound may be as important as the measured sound pressure. The perception of loudness not only involves the decibel measurements of the sound, but also the difference from baseline, the frequency (for example, Fletcher Munson curve) and duration. With incubator measurements, the noise floor or L min levels were higher than the ambient bedside environment. 17 Sound level measurements within the incubator compared with our reported OU level 3 bedside showed that the L 90 , L 50 and L max levels in the incubator were significantly and perceptibly higher. It is unclear what the actual impact of these findings would be upon the quality and duration of newborn sleep.
The fact that common NICU equipment did not increase the L eq , L 10 and L max when compared with the SFR/RA, suggests that human sound sources remain the main contributor to the top 10% of sound measured in the SFR. One intention of the SFR design is to bring the family to the patient, and to encourage skin-to-skin care. Speculatively, this increased family involvement might be associated with unavoidable, and possibly necessary or acceptable time periods (for example, 10% of the time) where this activity may result in SPL elevations that will exceed the recommended standards. Arousal thresholds may also be influenced by multimodal factors, including pro-prioceptive, chemosensory, visual as well as auditory stimulation.
Conclusion
The SFR level 3 NICU is a quieter (L 90 and L 50 ), less loud (L 10 ) environment compared with the OU level 3 bedside NICU when the level of support is room air, HFNC, BCPAP or VENT.
The use of HFV in the SFR will result in comparable sound measurements compared with the OU level 3 bedside NICU.
Comparing different PPS modalities within the SFR, the addition of PPS modalities will result in a significant increase in the noise floor (L min ). This effect will be incrementally larger with the addition of HFNC, BCPAP, VENT and HFV.
The use of HFNC does not appear to significantly affect the levels of quiet (L 90 , L 50 ), or loudness (L 10 ) compared with RA within the SFR. BCPAP and VENT will have a negative impact on the levels of quiet (L 90 and L 50 ), but will not perceptibly increase the levels of loudness (L 10 ), which continue to exceed recommended standards. The use of HFV will uniformly increase all sound level measurement parameters (L min , L 90 , L 50 , L 10, L eq and L max ).
